A flow sensor is being developed at IMTEK to perform flow measurements independently of a fluid's properties. In this paper, we discuss the effect of flow speed on the frequency response of the sensor. Experimental measurements are conducted for air in a mini wind tunnel. Normalized amplitude and phase shift between selected temperature signals exhibit a second order response. The results suggest that under a certain speed level, the frequency response is independent of the flow speed. Thus, it can be possible to determine the fluid's properties regardless its flow condition.
Introduction
Thermal flow sensors require fluid properties to be determined in order to attain an accurate measurement as they change in time. Thermal flow sensors' response depends on the fluid's density ( ), specific heat capacity (c p ), and thermal conductivity ( ). Physical properties shift not only due to changes in the fluid's composition but also to changes in temperature and pressure. Hence, thermal flow sensors require constant recalibration. AC-driven sensors might address this problem since they seem to be capable of measuring the fluid properties and the flow speed at the same time [1, 2] . The frequency response also depends on the physical properties of the fluid and the sensor. However, these approaches require an analytical mathematical description, which might be extremely difficult to obtain depending on the complexity of the sensor's geometry. In this paper, we present and analyze the experimental frequency response of a calorimetric flow sensor, which is being developed at IMTEK. We show that this frequency response might be independent of the flow speed (v). 
Sensor Design
A detailed view of the sensor's layout is shown in Fig. 1a . The sensor features a thin, SiN x -SiO 2 , insulating membrane, which supports a central heater-thermistor pair surrounded by four other thermistors. The thermistors are made of amorphous germanium, which features a resolution of 0.1 mK [3] . This, along with the low thermal conductivity of the membrane, permits a low-power operation [4] . The sensor also features a minimum structure size of 7 m and the membrane has a radius of 500 m. Further details on the sensor's structure and fabrication are described in [5] .
Experiment Description and Signal Treatment
Measurements were carried out for air at room temperature in a mini wind tunnel (manufactured by Testo). Four different speed levels (v) were used: 0, 1, 3 and 5 m/s. The flow direction was parallel to one of the longitudinal axes, as shown in Fig. 1a . The sensor's heater was powered by a 0.5 mW AC-signal whose frequency (f) takes discrete values from 1 to 200 Hz. The low-power excitation ensures that the air properties don't drift due to temperature changes. Identical transresistance amplifiers were used to measure the temperature at each thermistor. LabVIEW was used to digitalize and record the temperature oscillations from each thermistor in time domain. By using MATLAB, the discrete Fourier Transform (DFT) was taken on each digitalized signal. A simple rectangular band-pass filter centered at the corresponding excitation frequency (f) was then applied on the resulting frequency spectrum. This way, most of the noise was cleared from each temperature signal. In particular, 50 Hz noise coming from the electrical power network was filtered out. Amplitude and phase were extracted from each filtered signal in time domain by applying a simple Quadrature Amplitude Modulation (QAM) technique with MATLAB. Since the central thermistor is closely surrounded by the heater element, its AC temperature amplitude is the largest among all thermistors at any flow rate. Thus, for each excitation frequency, it is useful to calculate the ratio of the AC temperature at the central thermistor and that at each of the surrounding thermistors, as shown in Fig. 1b . Additionally, given that identical amplification circuits were used to read the temperature from each thermistor, the frequency responses of these circuits are cancelled out by taking the ratios shown in Fig. 1b . Thus H i (f) is a phase vector whose magnitude and phase relate respectively the AC temperature amplitudes, and the phase shift between any thermistor and the central one.
Results and Conclusions
The unconnected points in Fig. 2 show the normalized amplitude and the phase-shift of the experimental transfer function H d (f) that relates the temperatures at the downstream and the central thermistors at different flow speeds. The results show that both the normalized amplitude and the phaseshift change slightly for a range of flow speeds from 0 to 5 m/s. This suggests that, at low speeds, the frequency response of the system defined in Fig. 1b depends mainly on the fluid's properties rather than on the flow speed.
Although |H d (f)| exhibits a simple first order low-pass behavior, the phase-shift goes below -/2, which implies that the system is at least second-order. The magnitude also decreases monotonically as the frequency increases, i.e., it has no peaks. For this reason, it could be possible to approximate the system by a second order transfer function of real poles f 1 and f 2 like
Non-linear least-squares regressions using the Equation (1) were applied on the experimental data. The estimated parameters are just the poles' positions f 1 and f 2 . The results of such regressions are shown in Fig. 2 as smooth curves, which match perfectly the experimental points at each flow speed. Given the geometry complexity of the sensor, its frequency response is expected to have an even higher order behavior. However, a second order approximation fits for low frequencies and flow rates. This could lead to important simplifications in the analytical study of the sensor response. There is little variation among all curves in Fig. 2 for flow velocities between 0 and 5 m/s. The regression estimates for the poles' positions at different flow speeds are depicted in Fig. 3 . For speeds up to 3 m/s, the first and the second poles lie closely around 40 Hz and 500 Hz, respectively. For higher speeds, the poles seem to drift away from these values. Therefore, it is possible to find a velocity range that has a small influence on the cut-off frequency. The ratio between the poles' frequencies is over 10, so it can be said that a first order response dominates the amplitude of the temperature oscillations. Consequently, the cut-off frequency is actually the same frequency where the first pole lies.
The independency of the frequency response with respect to the velocity brings the possibility to achieve medium independent flow measuring within a certain flow range. It is now necessary to establish the relationship between the frequency response and the physical parameters of the fluid. Finite Element Method (FEM) simulations appear to be first choice due to the complexity of the sensor.
